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Abstract 
 
 Dynamical properties at the liquid-vapor interface of water are investigated at 298 K 
on the basis of molecular dynamics simulations and intrinsic surface analysis. Mean surface 
residence time and diffusion coefficient of the molecules as well as H-bond lifetimes are 
calculated at the liquid surface, and compared to the bulk values. It is found that surface 
molecules have a non-negligible diffusion component along the surface normal, although this 
component is limited in time to 7-15 ps, a value comparable with the mean surface residence 
time. It is also seen that interfacial molecules move considerably faster, and their H-bonds 
live shorter than in the bulk liquid phase. This finding is explained by the relation between the 
number of H-bonded neighbors and mobility, namely that molecules being tethered by more 
H-bonds move slower, and their H-bonds live longer than in the case of molecules of less 
extensive H-bonding. Finally, it is found that molecules residing long at the surface are 
clustering around each other, forming more and longer living H-bonds within the surface 
layer, but much less outside this layer than other interfacial molecules, indicating that longer 
surface residence is related to weaker interaction with the subsurface region. 
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 3 
 
1. Introduction 
 
 Molecular level investigation of the properties of soft or fluid interfaces (e.g., the 
liquid-liquid and liquid-vapor interface) became in the focus of intensive scientific 
investigations in the past two decades. Such soft interfaces play a key role in a number of 
physical, chemical and biological processes and in their industrial applications, from 
heterogeneous catalysis to chromatography, from the local increase of concentrations 
(adsorption) to charge transfer, or from the metabolism of living cells to extraction. While the 
continuously increasing scientific interest in such systems is motivated by the important role 
soft interfaces play in various areas of science and technology, investigation of such systems 
has been enabled by the recent development of various surface sensitive experimental 
techniques, such as nonlinear spectroscopic methods1 (e.g., vibrational sum frequency 
generation2,3 and second harmonic generation4-6 spectroscopies), reflection techniques,7 such 
as x-ray8 and neutron9 reflection, or time dependent fluorescence anisotropy10,11 
measurements. Such experimental methods can be well complemented by computer 
simulations,12 the application of which to various soft interfaces has also been enabled in the 
past decades, by the rapid development of routinely available computing capacities.  
 Meaningful investigation of interfaces by computer simulations evidently requires that 
the molecules located at the surface of their phase have to be unambiguously identified. It is 
easy to show that this task is equivalent with finding the exact location of the surface at every 
point along its macroscopic plane. In the case of soft interfaces this is not an easy task at all, 
because such interfaces are corrugated, at the molecular length scale, by capillary waves. 
However, in the vast majority of the early interfacial simulations the problem caused by the 
capillary waves was simply neglected, and instead of the real, capillary wave corrugated, 
intrinsic interface a planar slab parallel with a face of the basic simulation box was 
considered. It was shown later several times that this neglect of the capillary waves and non-
intrinsic treatment of the interface leads to systematic error of unknown magnitude 
concerning not only the structure13,14 or composition15-17 of the interfacial layer, but it can 
even propagate to the thermodynamic properties of the system.18  
 In spite of this regretful practice of neglecting the effect of the capillary waves, the 
need for a physically sound definition of the interface was already realized in the very first 
fluid interface simulations, in the pioneering works of Linse19 and Benjamin.20-22 In their 
studies they divided the system into slabs along the interface normal axis, and detected the 
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position of the interface in each slab separately. Almost two decades later, Jorge and Cordeiro 
determined the number of slabs required to obtain convergent results.23,24 Berkowitz et al. 
used a Voronoi tessellation in the macroscopic plane of the interface, and lifted the Voronoi 
cells to the positions of their central particles along the macroscopic surface normal.25 In their 
pioneering work Chacón and Tarazona described a method to find the surface of minimum 
area that covers a set of pivot atoms, the list of which is determined in a self-consistent 
iterative process.26 Chowdhary and Ladanyi used a criterion based on the distance from the 
opposite phase molecules to determine the list of the interfacial molecules at the liquid-liquid 
interface.27 It was later shown by Jorge et al. that if a scalable parameter is introduced, this 
algorithm also gives comparable results with other intrinsic analysis methods.28 Further, 
several methods that are even free from the assumption that the interface is macroscopically 
planar have also been proposed in the past years.29-31 Previously we proposed another 
algorithm, called Identification of the Truly Interfacial Molecules (ITIM) to detect the surface 
molecules at soft interfaces.13 The ITIM method was shown to provide comparable results 
with alternative intrinsic methods,28,31 and was found to represent an excellent compromise 
between computational cost and accuracy.28 
 Once the real, intrinsic interface is located, various properties related to this interface 
can be calculated. Such properties include the profiles of various thermodynamic quantities 
(e.g., density,26,32 energy,33 pressure,33 solvation free energy,34 surface tension,33 electrostatic 
potential,35 etc.) relative to the position of the intrinsic interface. Such intrinsic profiles, 
determined either as continuous functions or their values layer-by-layer,33 proved to be 
essential in interpreting a number of surface-related phenomena, such as explaining the 
surface tension anomaly of water36,37 or the adhesive properties of Newton black films,38 
addressing the plausibility of the ‘HCN World’ hypothesis,17 describing the surface properties 
of ionic liquids,39-42 aqueous electrolyte solution35 and water-oil interfaces,14,18,43 or analyzing 
the immersion depth of surfactants in water.44 
 In our previous paper we started a systematic investigation of various surface-related 
properties at liquid-vapor interfaces.33 We demonstrated the applicability of intrinsic analysis 
methods in describing surface thermodynamic properties.33 In the present paper we continue 
this systematic investigation and focus our attention to the analysis of the dynamic properties 
of the molecules at the liquid surface. In spite of the large number of simulation studies 
concerning dynamic properties of the molecules at fluid interfaces,45-50 (for a recent review, 
see Ref. 51) we are only aware of two such studies in which the intrinsic liquid surface was 
considered. Thus, Chowdhary and Ladanyi studied the dynamics of water molecules at 
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various water/hydrocarbon liquid-liquid interfaces.52 However, in this study they still used a 
semi-intrinsic approach, namely they divided the surface region to several zones according to 
the behavior of the density profiles rather than considering the subsequent molecular layers 
beneath the surface. Further, the method they used to detect the intrinsic liquid surface was 
later shown to miss a large number of truly interfacial molecules,27 unless a scalable 
parameter is introduced in the analysis.28 A detailed study concerning the dynamics of the 
particles at the intrinsic liquid surface was also performed by Duque et al., considering the 
liquid-vapor interface of Lennard-Jones systems.53 Here we have chosen the liquid-vapor 
interface of water, in order to address also the role of hydrogen bonds in determining the 
dynamical properties at the liquid surface. The surface of liquid water has been studied 
extensively both by experimental and computer simulation methods in the past decade. The 
main findings of these studies are that the interfacial region, i.e., the layer within which the 
properties of water differs considerably from those in the bulk phase is very narrow, 
extending to only one or two molecular layers,13,54-58 the molecular structure of the water 
surface is highly mobile and dynamic,56 the strength of the hydrogen bonds at the surface does 
not differ much from that in the bulk phase,54,55,58 a large number of the surface OH groups 
are dangling towards the vapor phase,59-61 and that excitations of the OH stretch vibrational 
excitations are delocalized over several molecules.62-64 Here we focus our attention to the 
questions (i) whether the diffusion of the molecules is different at the liquid surface from that 
in the bulk liquid phase, and if so, how; (ii) whether the fact that certain molecules stay long 
at the liquid surface is related to some other properties (e.g., diffusion, hydrogen bonding, 
spatial correlation) of these molecules or it is a purely random choice; and (iii) how much are 
the lifetime and strength of the hydrogen bonds at the liquid surface different from those in 
the bulk liquid phase. 
 The paper is organized as follows. Details of the computer simulations and ITIM 
analyses performed are given in sec. 2. The obtained results concerning the above questions 
are presented and discussed in detail in sec. 3. Finally, in sec. 4 the main conclusions of this 
study are summarized.  
 
 
2. Computational Details 
 
 2.1. Molecular Dynamics Simulations. Molecular dynamics simulations of the 
liquid-vapor interface of water has been performed on the canonical (N,V,T) ensemble at the 
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 6 
temperature of 298 K with 4000 water molecules. For reference, bulk liquid water has also 
been simulated under identical thermodynamic conditions. To demonstrate that the obtained 
results are model independent, the simulations have been repeated with three different water 
models, namely the three-site SPC/E,65 the four-site TIP4P,66 and the five site TIP5P-E67 ones. 
The YZ edges of the basic simulation box, being parallel with the macroscopic plane of the 
liquid surface, have been 50 Å long, whereas the length of the macroscopic surface normal 
axis, X, has been 200 Å. Standard periodic boundary conditions have been applied.  
 The simulations have been performed using the GROMACS 4.5.5 program package.68 
Equations of motion have been integrated in time steps of 1 fs. All potential models 
considered have been rigid; the geometry of the water molecules has been kept unchanged by 
means of the LINCS algorithm.69 The temperature of the systems has been controlled using 
the Nosé-Hoover thermostat with the time constant of 1 ps.70,71 All interactions have been 
truncated to zero beyond the oxygen-oxygen cut-off distance of 15 Å; the long range part of 
the electrostatic interaction has been taken into account using the Particle Mesh Ewald (PME) 
method in its smooth particle implementation.72 
 At the beginning of each simulation 4000 water molecules were placed into a 
rectangular basic simulation box, the X, Y, and Z edges of which have been 49, 50 and 50 Å, 
respectively. Following energy minimization and a short equilibration, the systems were 
equilibrated on the isothermal-isobaric (N,p,T) ensemble at 1 bar for 2 ns in such a way that 
the Y and Z edges of the basic box were kept fixed, and only edge X was allowed to change. 
Pressure was controlled by the Parrinello-Rahman barostat.73 The length of axis X was then 
fixed at its equilibrium value at 1 bar, and the systems were further equilibrated, now on the 
(N,V,T) ensemble, for another 2 ns. The density of the bulk liquid systems simulated this way 
agreed within 0.5% with the experimental density value of 0.997 g/cm3 at 298 K74 in each 
case. Following equilibration, 2000 sample configurations of bulk liquid water, separated by 
1 ps long trajectory each, have been saved for reference calculations. Then the X edge length 
of the basic box was increased to 200 Å, and thus two liquid-vapor interfaces were created in 
the basic box. The interfacial systems were equilibrated again for 2 ns, and then 2000 sample 
configurations per system, separated by 1 ps long trajectory each, have been saved in the 2 ns 
long production runs. Finally, another 1000 sample configurations of each bulk or interfacial 
system considered, separated by 0.1 ps long trajectories each, have also been dumped for the 
hydrogen bond lifetime analyses. 
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 2.2. ITIM Analysis. The intrinsic surface of the liquid phase has been determined 
using the ITIM method13 in all sample configurations resulted from the interfacial 
simulations. The ITIM method is based on the concept that any meaningful definition of the 
surface molecules should account for the fact that surface molecules are the ones that are 
accessible also from the opposite phase. Thus, in an ITIM analysis a probe sphere of a given 
radius is moved along test lines perpendicular to the macroscopic plane of the surface, starting 
from the bulk opposite phase. Once this probe touches the first molecule of the phase of 
interest, this molecule is marked as being interfacial (as it is “seen” by the probe from the 
opposite phase), and the probe starts moving along the next test line. Once all test lines are 
considered, the full list of the interfacial molecules is obtained.13 An additional advantage of 
the method is that by disregarding the already identified molecules and repeating the entire 
procedure the molecules that constitute the subsequent subsurface layers can also be 
identified.13 
 In the present ITIM analyses a probe sphere of the radius of 1.25 Å has been used, in 
accordance with the suggestion of Jorge et al.28 The test lines along which the probe sphere 
was moved have been arranged in a 100 × 100 grid, thus, the distance of two neighboring test 
lines has been 0.5 Å. The surface layer of the liquid phase, as determined by the ITIM 
method, is illustrated in Figure 1, showing an equilibrium snapshot of the SPC/E system. 
Since here we are interested in the dynamics of the surface water molecules only, no further 
molecular layers beneath the surface one have been determined. Finally, all properties 
calculated have been averaged not only over the dumped sample configurations, but also over 
the two liquid-vapor interfaces present in the basic box.  
 
 2.3. Determination of the Mean Surface Residence Time. In order to calculate the 
mean residence time of the molecules at the liquid surface, τsurf, the survival probability, L(t), 
i.e., the probability that a water molecule that is at the surface at t0 remains at the surface until 
t0 + t needs to be calculated. Since the departure of a molecule from the liquid surface is a 
process of first order kinetics, the survival probability, L(t), is a function of exponential decay. 
Thus, fitting the function exp(-t/τsurf) to the simulated L(t) data can readily provide the mean 
surface residence time of the molecules, τsurf. It should be noted that, in order to distinguish 
between the situations when a molecule leaves the surface temporarily, due to some fast 
oscillatory move, and when it leaves the surface permanently, departure of a molecule from 
the surface is conventionally allowed given that it returns to the surface layer within a short 
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time window of ∆t. For simplicity, here we use the ∆t value of 1 ps. Since 1 ps is also the 
length of the trajectories between two consecutive sample configurations, this choice of ∆t 
practically means that no departure of the molecules from the surface layer is allowed; if a 
molecule is not found within the surface layer at any instant it is immediately regarded as 
having left the surface. To check whether this particular, simple choice of ∆t has any effect on 
the results, we have repeated all the analyses using ∆t = 2 ps (i.e., allowing a molecule to be 
absent from the surface layer in a snapshot, given that it is back in the next one), but this 
choice has left all of our conclusions unchanged. Therefore, all results presented here 
correspond to the simple choice of ∆t = 1 ps, unless it is indicated otherwise. 
 
2.4. Calculation of the Diffusion Coefficient and the Characteristic Time of Diffusion. 
The diffusion coefficient of the molecules, D, can be calculated through the Einstein relation12 
as   
 
tk
MSD
D = ,      (1) 
where the value of k is 2, 4, and 6 for one-, two-, and three-dimensional diffusion, 
respectively, and MSD is the mean square displacement of the molecules within the time t: 
 
     200 )()( tttMSD ii rr −+= .    (2) 
In this equation the brackets <...> denote ensemble averaging, whereas ri(t0) and ri(t0+t) are 
the position vectors of particle i at the times t0 and t0 + t, respectively. In the case of three 
dimensional diffusion ri is a spatial vector, while for two-dimensional diffusion it is a vector 
lying, by definition, within the plane in which diffusion is studied. The diffusion coefficient 
can thus be determined from the steepness of the straight line fitted to the simulated MSD(t) 
data. It should be noted that this fitting should be performed up to a sufficiently low t value to 
make sure that no particle diffuse more than half the simulation box edge length in any 
direction, and hence the MSD values are not yet affected by the periodic boundary conditions. 
In our case, the time range up to 35 ps probed to be sufficient for this purpose. 
 The characteristic time of a diffusive motion, τD, can be given as the time needed that 
a particle fully explore the surface area (in two dimensions) or volume (in three dimensions) it 
occupies (i.e., the surface area per molecule, Am, and volume per molecule, Vm, respectively). 
More precisely, assuming that diffusion can be regarded as a random walk of the molecules, 
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 9 
τD is the time after which the positions visited by a molecule follow Gaussian distribution 
with the width of mA  (in two dimensions) and 3 mV  (in three dimensions).
75 The value of 
τD can thus be calculated in two dimensions as  
 
D
A
4
m
D =τ ,      (3) 
where  
 
surf
m
2
N
YZ
A = ,      (4) 
Nsurf being the number of the surface molecules in the system.  
 
 
3. Results and Discussion 
 
 3.1. Density Profiles. The molecular number density profiles of the entire interfacial 
systems simulated as well as of the surface molecular layer of their liquid phase are shown in 
Figure 2. As is expected, the three water models considered resulted in very similar density 
profiles. The density peak of the surface layer extends well into the X range where the density 
of the system already reaches its bulk liquid phase value, indicating that without using an 
intrinsic surface analysis method a large fraction of the truly interfacial molecules would have 
not been detected. Further, the density peak of the surface layer does not fully account for the 
intermediate density part of the overall density profile, indicating that without using an 
intrinsic surface analysis method a large number of non-interfacial water molecules would 
have been (erroneously) taken into account in the analyses. The density profile of the surface 
molecular layer is of Gaussian shape, in accordance with former theoretical considerations.76 
The width of this Gaussian at half maximum, d (see the inset of Fig. 2), will serve as a 
measure of the width of the surface layer in the following analyses.  
 
 3.2. Residence Time of the Molecules at the Surface. Before analyzing the 
dynamical properties of the water molecules at the liquid surface, we have to determine the 
time scale of their existence within the surface layer. The dynamics of the surface and bulk 
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phase molecules can only be distinguished from each other in processes the time scale of 
which is considerably shorter than the typical time a molecule stays at the liquid surface.  
 The survival probability of the molecules within the surface layer, L(t), is shown in 
Figure 3 as obtained with the three water models considered. To emphasize their exponential 
decay, the inset of Fig. 3 shows the simulated L(t) data on a logarithmic scale. To avoid any 
disturbing effect of the fast, oscillatory moves of the molecules, the exp(-t/τsurf) function has 
only been fitted to the data points above 20 ps. The fitted functions are also shown in Fig. 3. 
The obtained τsurf values are 14.5, 11.4, and 12.1 ps for the SPC/E, TIP4P, and TIP5P-E water 
models, respectively. These values, collected in Table 1, set the time scale of processes that 
can be meaningfully analyzed within the surface layer below the order of about 10 ps.  
 
 3.3. Diffusion in the Surface Layer First we have calculated the three-dimensional 
diffusion coefficient of the surface molecules (their MSD values being calculated solely in the 
period they belong to the surface layer). To check whether the speed of the diffusion at the 
surface is related to the surface residence time of the molecules in any way, we have selected 
those molecules of the surface layer that will reside at the surface for sufficiently long time. 
For this, we have used two different criteria: we have selected the longest residing 20% and 
10% of the surface molecules in each frame, and calculated also the diffusion coefficients of 
solely these long-residing surface molecules. In doing this, first we determined the surface 
residence time corresponding to the 20% and 10% longest residing molecules from the L(t) 
data (Fig. 3), and we selected those surface molecules in each snapshot that survive at least 
that long at the surface from this snapshot on. Further, since the intrinsic liquid surface is a 
wavy two-dimensional object, we have also calculated the two-dimensional diffusion 
coefficients of all the surface molecules as well as of the longest residing 20% and 10% of 
them within the macroscopic plane of the liquid surface, YZ, as well as their one-dimensional 
diffusion coefficients along the macroscopic surface normal axis, X. Finally, for comparisons, 
we have also calculated the diffusion coefficient in bulk water, in three dimensions, in two 
dimensions within an arbitrarily chosen plane, and in one dimension along an arbitrarily 
chosen line. The MSD vs. t data corresponding to the above one-, two- and three-dimensional 
diffusion coefficients are shown in Figure 4 as obtained in SPC/E water, whereas the obtained 
diffusion coefficient values are collected in Table 2. Similar results have been obtained with 
the other two water models considered (data not shown).  
 Before going to a detailed analysis of the diffusion of the surface molecules, it has to 
be verified that the characteristic time of the diffusion at the liquid surface is indeed well 
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below the mean surface residence time of the molecules. The τD values of the surface 
molecules calculated considering their two-dimensional diffusion are included and compared 
with τsurf in Table 1. As is seen, the τD values are at least 3.5-4 times smaller than τsurf in every 
case, indicating that diffusion of the molecules at the liquid surface occurs on a reasonably 
shorter time scale than the exchange of the molecules between the liquid surface and the bulk 
liquid phase, and hence surface diffusion can indeed be meaningfully analyzed. This is also 
illustrated by Figure 5, showing the trajectory of three arbitrarily chosen surface molecules 
the surface residence time of which is close to the average value, and that of three long-
residing ones within the macroscopic surface plane, YZ, as taken out from the simulation of 
SPC/E water. As is seen, even average-residing molecules explore a reasonable surface 
portion while they are at the liquid surface, whereas long-residing molecules can explore 
rather large portions of the liquid surface. It should be noted that this behavior is in a clear 
contrast with the finding of Duque et al., obtained for the surface of Lennard-Jones liquids.53 
Namely, in such systems, the characteristic time of the two-dimensional diffusion of the 
particles within the surface layer turned out to be almost equal to the mean surface residence 
time at every temperature considered.53 This contrast between the results obtained for the 
water surface and that of a Lennard-Jones fluid suggests that the extensive hydrogen bonding 
between the molecules at the water surface36,37 has a strong influence on the surface dynamics 
of the molecules, presumably by substantially increasing the mean residence time of the 
molecules at the liquid surface. This point will be further investigated in this paper. 
 In analyzing the obtained results it is seen that there is no difference between the 
diffusion coefficient of all surface molecules and that of the longest residing ones in any case, 
indicating that the residence time of the individual molecules at the liquid surface is 
independent from their diffusive motion. When comparing the two- and three-dimensional 
diffusion coefficients of the different molecules it is seen that the ratio of the two- and three-
dimensional diffusion coefficients of the surface molecules falls between 1 and 1.5 in every 
case, whereas in the bulk liquid phase the two values are identical. Clearly, in the case of 
isotropic diffusion, i.e., when the molecules move with the same average speed in all 
directions, the two- and three-dimensional diffusion coefficients are equal. Indeed, in this 
case, the three-dimensional MSD is 1.5 times larger than the two-dimensional one, and the 
factor k in the denominator of eq. 1 makes the corresponding diffusion coefficient values 
equal. On the other hand, if the motion is restricted to a given plane, the two-dimensional 
diffusion coefficient within this plane is 1.5 times larger than the three-dimensional one (since 
the off-plane displacement is zero, the two- and three-dimensional MSD values are equal, and 
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the value of k in eq. 1 accounts for this factor of 1.5). To demonstrate this, we have selected 
those water molecules in the bulk liquid phase simulation the motion of which happened to be 
restricted to a given, arbitrarily chosen planar layer, and calculated the two- and three-
dimensional diffusion coefficients of these molecules (only while they happened to stay in 
this planar layer). The width of this planar layer, d, has been chosen to be equal to the width 
of the surface layer of the corresponding interfacial system (see Fig. 2). The obtained D 
values are also included in Table 2. As is seen, the two-dimensional diffusion coefficient of 
these molecules is indeed exactly 1.5 times larger than their three-dimensional one in every 
case.  
 In the light of this result it is interesting to see that, for the real surface molecules, the 
two-dimensional diffusion coefficient within the macroscopic plane of the liquid surface is 
considerably less than 1.5 times larger than the three-dimensional one, although the average 
width of the surface layer equals to that of the above, arbitrarily chosen planar layer in the 
bulk. On one hand, the fact that this ratio is much larger than unity is a clear consequence of 
the liquid surface being a two-dimensional, quasi-planar object. On the other hand, the fact 
that the ratio of the two diffusion coefficients at the liquid surface is markedly below 1.5, at 
least in the time interval within which the MSD vs. t data were fitted, indicates that the surface 
molecules do diffuse also along the macroscopic surface normal axis, although, evidently, in a 
much smaller extent than within the macroscopic plane of the liquid surface. The presence of 
this diffusion component along the macroscopic surface normal axis is a clear consequence of 
the fact that the liquid surface is not planar, instead, it is corrugated by capillary waves, and 
hence the motion of the surface molecules is not restricted to a macroscopic plane, either. This 
is illustrated in Figure 6, showing the displacement vector of two schematic surface molecules 
(shown by dots) along a schematic wavy surface.  
 In interpreting this result one has to note that the motion of the interfacial water 
molecules is bound, and hence it is not expected that motion along the macroscopic surface 
normal axis can contribute to the diffusion coefficient at long times. This is indeed the case 
here; the one dimensional MSD of the surface molecules along the macroscopic surface 
normal axis, X, starts deviating from linearity above about 7 ps, its slope becomes close to 
zero around 15 ps, and reaches a plateau around 25 ps (see Fig. 4.b). This finding indicates 
that motion along the macroscopic surface normal axis can only be regarded as a free 
diffusion up to 7 ps, and the aforementioned normal diffusion component caused by the 
molecular scale roughness of the liquid surface vanishes almost completely beyond about 
15 ps. It should be noted that this time scale on which surface molecules do diffuse also along 
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the macroscopic surface normal axis agrees well with the mean surface residence time of the 
molecules (see Table 1). The existence of this normal diffusion component at short times is, 
not a trivial result, as seen from the difference of the one-dimensional normal MSD data 
obtained at the liquid surface and in the bulk phase for the molecules that happen to move in a 
given planar layer for a while. As is seen in Fig. 4.b, in this latter case there is indeed no 
normal component of the diffusion, as the MSD vs. t data reaches its plateau value already in 
2 ps, while its linear part cannot even be seen using our 1 ps resolution, although the width of 
this planar layer equals, by our definition, to the average width of the interfacial layer.  
 Finally, it should be noted that the ratio of the two-dimensional diffusion coefficient at 
the liquid surface and the three-dimensional diffusion coefficient in the bulk liquid phase is 
resulted in the range of 1.9-2.1 for all water models considered. This is in a reasonable 
agreement with the finding of Duque et al. for Lennard-Jones fluids, who found values 
between 2 and 2.4, depending on the temperature of the system.53 This agreement indicates 
that although hydrogen bonding at the water surface does influence the dynamics of the 
surface molecules, the relation of the (two-dimensional) surface and (three-dimensional) bulk 
diffusion of the molecules is not sensitive to this hydrogen bonding. 
 
 3.4. Spatial Correlation between Long-Residing Surface Molecules. As we have 
already seen, long surface residence time does not correlate at all with the diffusive motion of 
the surface molecules. To further investigate the question what makes a molecule stay 
unusually long at the liquid surface, here we analyze whether such long residing molecules 
are distributed randomly at the liquid surface or their positions are correlated with each other. 
For this purpose, we have selected the longest-residing 20% and 10%, respectively, of the 
surface molecules in each snapshot, projected their positions, represented by those of their O 
atoms, to the macroscopic plane of the liquid surface, YZ, and performed a Voronoi analysis 
on these projections.  
 Voronoi analysis77,78 is a very convenient tool for investigating the presence and extent 
of local density fluctuations, in other words, the question whether the position of a set of 
spatial (or planar) points are correlated or uncorrelated with each other.79 In a two-
dimensional set of seeds (in our case, projections of the molecules in the YZ plane) the 
Voronoi cell of each seed is the locus of planar points that are closer to this seed than to any 
other one.80 In this sense, the Voronoi cell of a seed covers the area A that belongs to this seed 
rather than to any other one. By construction, Voronoi cells constitute a tessellation that 
covers the plane without gaps and overlaps.80 Given that the seeds are uniformly distributed, 
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the area distribution of their Voronoi cells, P(A), follows a Gaussian shape.79 However, when 
the seeds are distributed in a correlated way, i.e., forming dense patches and leaving rather 
large empty areas between them, the Voronoi cells around these empty domains extend 
deeply into the nearby empty area, and consequently have rather large areas. In such cases the 
Voronoi cell area distribution exhibits a long, exponentially decaying tail at the large area side 
of its peak.79 
 The Voronoi cell area distribution, P(A), obtained for the longest residing 20% and 
10% of the surface molecules are shown in Figure 7 as obtained in all the three systems 
considered. As is seen, the obtained distributions cannot be fitted by a Gaussian function in 
any case, as these distributions are always asymmetric, having a considerably slower decaying 
tail at their large area side than at small areas. By contrast, the Voronoi cell area distributions 
obtained by taking all surface molecules into account turned out to be of perfect Gaussian 
shape in every case (data not shown). To demonstrate the exponential nature of the large area 
side decay of the tails, the obtained P(A) data are shown on a logarithmic scale in the insets of 
Fig. 7. To quantify the degree of clustering of the long residing surface molecules, we have 
evaluated their Kirkwood-Buff integral, drrgrG
RR ∫ −= 0 )1)((2π ,
81 up to the R value of 
25 Å. Unfortunately, our system size was not large enough to provide convergent results for 
G
R, nevertheless, it turns out that, considering the 20% and 10% longest residing surface 
molecules, the KB integral well exceeds the values of about 15-20 and 35-40, respectively, for 
all the three water models considered. This result clearly shows that the molecules that will 
stay long at the liquid surface are not distributed randomly, their positions are correlated with 
each other, and hence these molecules tend to be located preferentially at the vicinity of each 
other, forming relatively dense domains of long-residing molecules at the liquid surface, as it 
is also illustrated in Figure 8. 
 
 3.5. Hydrogen Bonding at the Intrinsic Liquid Surface. To investigate the effect of 
the interface on the dynamics of the hydrogen bonds between the water molecules, we have 
calculated the mean hydrogen bond lifetime between two interfacial molecules in the three 
interfacial systems simulated, and, for comparison, also in the bulk liquid phase. Further, to 
see whether hydrogen bond lifetime is related to the surface residence time of the molecules 
in any way, the mean lifetime of the hydrogen bonds formed by two surface molecules that 
are among the 20% longest residing ones has also been calculated. Two water molecules have 
been regarded as being hydrogen bonded to each other if the distance of their O atoms and 
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closest O-H pair have been less than 3.35 Å and 2.45 Å (i.e., the first minimum position of the 
O-O and O-H radial distribution functions), respectively. 
 The mean lifetime of the hydrogen bonds, τHB, can be determined in a similar way 
than the mean surface residence time. Namely, the survival probability of the hydrogen bonds, 
LHB(t) (i.e., the probability that a hydrogen bond that exists at t0 will remain intact up to t0+t) 
has to be calculated, and the exponentially decaying function exp(-t/τHB) has to be fitted to 
these LHB(t) data. For simplicity, in this analysis, similarly to that of the surface residence 
time, no breaking of the hydrogen bonds was allowed in any single snapshot.  
 The obtained LHB(t) data together with the exponentially decaying functions fitted to 
them are shown in Figure 9; the corresponding τHB values are collected in Table 3. To 
emphasize the exponential decay of the obtained LHB(t) data, the insets of Fig. 9 show them 
on a logarithmic scale. As is seen, the mean lifetime of the hydrogen bonds between two 
interfacial molecules is more than an order of magnitude shorter than the mean surface 
residence time of the water molecules (the corresponding τHB values are also included in 
Table 1), indicating that hydrogen bonds formed at the liquid surface and in the bulk liquid 
phase can indeed be distinguished from each other, and hence hydrogen bond lifetime at the 
water surface can be meaningfully discussed. 
 The obtained results reveal that the hydrogen bond lifetime is considerably, by about 
40-50% shorter at the liquid surface than in the bulk liquid phase, and also that the hydrogen 
bonds formed by two long-residing surface molecules live, on average, 20% longer than those 
between two interfacial molecules irrespective of their surface residence time. This latter 
finding, together with the observed clustering of the long-residing surface molecules around 
each other suggest that unusually long surface residence might well be related to the hydrogen 
bonding between such molecules. This point will be further investigated in this paper.  
 The finding that hydrogen bonds live considerably longer in the bulk liquid phase than 
at the liquid surface should also be discussed in the light of previous experimental and 
computer simulation results concerning the strength and geometry of interfacial hydrogen 
bonds. The question whether interfacial hydrogen bonds are stronger or not than thos in the 
bulk liquid phase is not settled in the literature. Thus, although the majority of the studies 
reported somewhat stronger hydrogen bonds, on average, at the interface than in the bulk 
liquid phase,54,56,58 they also found that interfacial hydrogen bonds are, on average, slightly 
longer rather than shorter than the bulk phase ones.54,58 This seeming contradiction was 
resolved considering that the slightly more distant interfacial hydrogen bonded O-O pairs are 
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closer to their equilibrium distance than those in the bulk liquid phase.54,58 Further, in a 
combined experimental and computational study, using a polarizable water model Stiopkin et 
al. found slightly weaker hydrogen bonds at the water surface than in the bulk phase.55 
Nevertheless, there is a clear consensus in the literature that the strengths of the interfacial and 
bulk phase hydrogen bonds do not differ much from each other.54,55,58 Further, the lifetime of 
the hydrogen bonds was claimed to be independent from their strength.58,82 To investigate this 
point, we have calculated the mean interaction energy, < pairHBU >, between two hydrogen 
bonded interfacial, and between two hydrogen bonded long-residing interfacial molecules, 
respectively, and also between two water molecules in the bulk. The obtained values are 
included in Table 3.  
 As is seen, interfacial hydrogen bonds are somewhat, by about 3-5% stronger than 
those in the bulk liquid phase, while long residing interfacial molecules form, on average, 
only slightly (i.e., by 0.5-1.5%) stronger hydrogen bonds with each other than two interfacial 
molecules irrespective of their surface residence time. This finding indicates that, as expected, 
the strength of the hydrogen bonds has indeed no impact on their lifetime, in other words, 
short lifetime of the interfacial hydrogen bonds cannot be explained by their strength. Instead, 
it is probably related to the enhanced mobility of the interfacial molecules, as seen from their 
diffusion coefficients (Table 2). Namely, the fact that interfacial molecules form, on average, 
less hydrogen bonds with their neighbors than bulk phase ones (as in the direction of the 
opposite phase they do not have hydrogen bonding partners, see Table 4) leads to an enhanced 
mobility of these molecules (as they are “tethered” by less hydrogen bonds), and to the faster 
breaking of their existing hydrogen bonds, even if they are, on average, somewhat stronger 
than in the bulk liquid phase. In other words, the difference between hydrogen bond lifetimes 
at the water surface and in the bulk liquid phase is related to the difference of their 
cooperativity rather than of their strength. Thus, the more hydrogen bonds a molecule forms, 
the lower is the chance that, after breaking one of these hydrogen bonds, the molecule can 
move away rather than being brought back to its original position by its remaining hydrogen 
bonds. This explanation is also in accodance with the claim of Nihonyanagi et al. that the 
molecular structure of the water surface is highly mobile and dynamic.56 
 This explanation is also in accordance with the different relation of the time scales of 
surface residence and diffusion observed for Lennard-Jones liquids53 and water. This 
difference can again be explained by the effect of hydrogen bonding on surface residence 
time. Namely, the time scale of surface residence, being practically equal with that of surface 
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diffusion in Lennard-Jones systems,53 is increased by the fact that extensive hydrogen 
bonding of the molecules in water and, in particular, the large amount of hydrogen bonds 
formed between the interfacial molecules slows down their exchange between the liquid 
surface and the bulk liquid phase.  
 Finally, to investigate the difference in the hydrogen bonding pattern around long-
residing and non long-residing surface molecules, we have calculated the mean number of 
hydrogen bonded neighbors, <nHB>, of all interfacial molecules as well as of the longest 
residing 20% of them, and also the mean number of hydrogen bonded neighbors of these 
molecules within the surface layer and outside the surface layer, respectively. For comparison, 
the mean number of hydrogen bonded neighbors of the molecules in bulk liquid water has 
also been calculated. All these data are collected in Table 4.  
 As is seen, long-residing interfacial water molecules have, on average, 3-4% more 
hydrogen bonded neighbors within the surface layer, but about 25% less in the subsequent 
subsurface layer than the average values corresponding to all interfacial molecules 
irrespective of their surface residence time. This finding indicates that the somewhat longer 
lifetime of the hydrogen bonds between two long-residing than between two general 
interfacial molecules is due to the facts that these hydrogen bonds are, on average, slightly 
stronger than other interfacial hydrogen bonds, and that long residing surface molecules have, 
on average, more hydrogen bonded neighbors (i.e., they are tethered more) within the surface 
layer than other ones. It is also expected83 that interfacial molecules having more hydrogen 
bonded neighbors within the surface layer than the average value are distributed in a 
correlated way. More importantly, this finding reveals that long surface residence time is 
related to the number of off-layer hydrogen bonded neighbors, namely that those water 
molecules will stay longer at the liquid surface that are better isolated from the subsurface 
region of the liquid phase. 
 
4. Summary and Conclusions   
 
 In this paper we analyzed the dynamic properties of the water molecules at the 
intrinsic liquid-vapor interface by molecular dynamics simulation and ITIM intrinsic surface 
analysis using three different water models. Our results revealed that water molecules stay, on 
average, considerably longer at the liquid surface than the characteristic time of their surface 
diffusion, in a clear contrast with Lennard-Jones systems, in which these two time scales are 
roughly equal.53 We also found that diffusion of the interfacial molecules is considerably 
Page 17 of 39
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 18 
faster than in the bulk liquid phase both in two and three dimensions, and the lifetime of the 
hydrogen bonds at the liquid surface is also remarkably shorter than in the bulk phase, in spite 
of the fact that interfacial hydrogen bonds are, on average, somewhat stronger than bulk phase 
ones. All these findings seem to be related to the fewer number of hydrogen bonded neighbors 
the water molecules have at the liquid surface than in the bulk liquid phase. As a 
consequence, interfacial water molecules are tethered by their hydrogen bonded neighbors in 
a lesser extent than the bulk phase ones, which leads to their enhanced mobility as well as 
shorter lifetime of their hydrogen bonds.  
 We also found that the ratio of the two- and three-dimensional diffusion coefficients of 
the interfacial water molecules falls between 1 and 1.5 (i.e., the values corresponding to 
isotropic spatial and planar diffusions, respectively) in every case, indicating that, due to the 
molecular scale roughness of the liquid surface caused by the capillary waves, interfacial 
water molecules diffuse also along the macroscopic surface normal axis, although, obviously, 
in a much smaller extent than within the macroscopic plane of the liquid surface, and this 
perpendicular diffusion is limited in time. Nevertheless, the time scale on which such a 
perpendicular diffusion occurs is comparable with the mean surface residence time of the 
molecules. 
 Long residing molecules have, on average, slightly more hydrogen bonded neighbors 
within the surface layer, and considerably less outside the surface layer than those staying 
shorter at the surface. This finding suggests that long surface residence time is originated in 
the isolation of the molecules from the subsurface region of the liquid. Further, it is also found 
that long residing molecules are not distributed evenly at the liquid surface, indicating that 
surface molecules that are strongly isolated from the rest of the liquid phase form patches 
“floating” at the surface of liquid water. 
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Tables 
 
 
TABLE 1. Characteristic Times of Various Processes Studied at the Surface of Liquid 
Water (in ps Units). Error Bars Are Below 1% in Every Case. 
system τsurf τD τHB 
SPC/E 14.5 4.24 1.11 
TIP4P 11.4 2.90 0.79 
TIP5P-E 12.1 3.02 0.69 
 
 
 
 
 
TABLE 2. Diffusion Coefficients of Water Obtained at the Liquid Surface and in the 
Bulk Liquid Phase in Two and Three Dimensions (in Å2/ps Units) 
  SPC/E TIP4P TIP5P-E 
3 dimensions 
surface, all molecules 0.357 0.536 0.505 
surface, longest residing 20% 0.360 0.523 0.502 
surface, longest residing 10% 0.351 0.519 0.502 
bulk liquid phase 0.262 0.365 0.335 
bulk, moving in an arbitrary plane 0.156 0.231 0.172 
     
2 dimensions 
surface, all molecules 0.501 0.744 0.710 
surface, longest residing 20% 0.508 0.748 0.708 
surface, longest residing 10% 0.499 0.748 0.710 
bulk liquid phase 0.262 0.366 0.335 
bulk, moving in an arbitrary plane 0.235 0.348 0.259 
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TABLE 3. Average Lifetime of Hydrogen Bonds and Average Interaction Energy of 
Hydrogen Bonding Pairs in the Bulk Liquid Phase, at the Liquid-Vapor Interface, and 
among the Longest Residing 20% of the Interfacial Molecules 
 
 
water 
model 
τHB/ps  < pairHBU >/kJ mol
-1 
bulk interface longest residing  bulk interface longest residing 
SPC/E 1.90 1.11 1.37  -18.58 -19.64 -19.95 
TIP4P 1.45 0.79 0.94  -16.24 -16.95 -17.02 
TIP5P-E 1.54 0.69 0.81  -15.99 -16.54 -16.61 
 
 
 
 
 
 
TABLE 4. Average Number of Hydrogen Bonded Neighbors  in the Bulk Liquid Phase, 
at the Liquid-Vapor Interface, and among the Longest Residing 20% of the Interfacial 
Molecules 
 
water 
model 
bulk 
interfacial  long residing interfacial 
total within the 
surface layer 
off-layer  total 
within the 
surface layer 
off-layer 
SPC/E 3.80 3.31 2.43 0.88  3.18 2.52 0.66 
TIP4P 3.74 3.23 2.31 0.92  3.09 2.39 0.70 
TIP5P-E 3.76 3.09 2.20 0.89  2.93 2.28 0.65 
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Figure legend 
 
Figure 1. Instantaneous equilibrium snapshot of the liquid-vapor interface of SPC/E water, as 
resulted from our simulation. Water molecules being identified as interfacial are marked by 
red, non-interfacial water molecules are marked by blue color. X is the macroscopic surface 
normal vector, pointing from the liquid to the vapor phase.   
 
Figure 2. Number density profile of the water molecules across the liquid-vapor interface, as 
obtained from our simulations with the SPC/E (black solid line), TIP4P (red dashed line) and 
TIP5P-E (green dash-dot-dotted line) water models. Contribution of the surface layer to these 
profiles are also indicated (SPC/E: black squares, TIP4P: red circles, TIP5P-E: green 
triangles). All profiles shown are averaged over the two liquid-vapor interfaces present in the 
basic box.     
 
Figure 3. Survival probability of the water molecules within the surface layer of the liquid 
phase, as obtained from the simulations with the SPC/E (black circles), TIP4P (red circles) 
and TIP5P-E (green circles) water models. The exponentially decaying functions fitted to 
these data sets above 20 ps are shown by dashed lines. To emphasize the exponential decay of 
the obtained data sets, the inset shows them on a logarithmic scale. 
 
Figure 4. (a) Mean square displacement of the water molecules as obtained for the SPC/E 
model at the surface layer (black square), in the bulk liquid phase (blue down triangles), and 
only for those molecules in the bulk liquid phase that happen to move within a given plane 
(purple diamonds). The inset shows the mean square displacement of all surface molecules 
(squares) as well as that of the longest residing 20% (circles) and 10% (triangles) of them. 
Open symbols correspond here to three dimensional diffusion, while filled symbols 
correspond to diffusion in a given plane (i.e., in the macroscopic plane of the surface, YZ, in 
the case of the interfacial molecules, and in an arbitrary plane in the case of the bulk phase 
molecules). (b) Mean square displacement of the water molecules as obtained for the SPC/E 
model in one dimension at the liquid surface for all surface molecules (black squares) as well 
as for the longest residing 20% (red circles) and 10% (green up triangles) of them, in the bulk 
liquid phase along an arbitrary direction (blue down triangles), and only for those molecules 
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in the bulk liquid phase that happen to move within a given plane, along the normal of this 
plane (purple diamonds).  
 
Figure 5. Trajectory of three long residing surface molecules (filled circles, L1: black, L2: 
red, L3: blue) and of three surface molecules the surface residence time of which is close to 
the average value (open circles, A1: green, A2: orange, A3: purple) in the macroscopic plane 
of the liquid surface, YZ, explored while they belong to the surface layer. 
 
Figure 6. Schematic illustration of the displacement of two interfacial molecules (shown by 
dots) while they diffuse within the surface layer (arrows), illustrating that, due to the 
molecular scale roughness of the liquid surface caused by the capillary wave, surface 
diffusion does have a non-negligible component also along the macroscopic surface normal 
axis, X.      
 
Figure 7. Area distribution of the Voronoi polygons obtained by projecting the centers of the 
longest residing 20% (filled circles) and 10% (open circles) surface molecules, respectively, 
to the macroscopic plane of the surface, YZ, and constructing the Voronoi tessellation around 
them. The Gaussian functions best fitting these distributions are shown by red solid curves. 
To emphasize the exponential decay of the obtained distributions at the large area side of their 
peak, the insets show the same data sets on a logarithmic scale, where exponential decay turns 
to a straight line. 
 
Figure 8.  Instantaneous snapshots showing the longest residing 20% (left panel) and 10% 
(right panel), respectively, of the surface water molecules from top view in an equilibrium 
configuration of the interfacial SPC/E system. The position of the molecules is represented by 
their O atom, being projected to the macroscopic plane of the surface, YZ.  
 
Figure 9. Survival probability of the hydrogen bonds formed by two water molecules in the 
bulk liquid phase (blue squares), at the liquid-vapor interface (red circles), as well as by two 
of the longest residing 20% of the interfacial water molecules (green triangles), as obtained 
from the simulations with the SPC/E (top panel), TIP4P (middle panel) and TIP5P-E (bottom 
panel) water models. The exponentially decaying functions fitted to these data sets are shown 
by dashed lines. To emphasize the exponential decay of the obtained data sets, the insets show 
them on a logarithmic scale. 
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Figure 1. 
Fábián et al. 
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Figure 2. 
Fábián et al. 
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Figure 3. 
Fábián et al. 
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Figure 4. 
Fábián et al. 
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Figure 5. 
Fábián et al. 
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Figure 6. 
Fábián et al. 
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Figure 7. 
Fábián et al. 
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Figure 8. 
Fábián et al. 
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Figure 9. 
Fábián et al. 
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